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Optimizing sustainable basil cultivation 
with smart‑monitoring: a comparative study 
of biochar and soilless growth media
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Abstract 

This study evaluated the efficiency of different soilless growth media for sustainable basil cultivation compared 
to traditional potting mix with continuous monitoring. This paper presents a novel approach of continuous physico-
chemical monitoring of basil growth using Internet of Things (IoT) enabled smart growth cabinets. Six growth media 
combinations—sand, coir, and biochar (unsoaked and nutrient-enriched), sand, coir, and perlite, and potting mix 
with 10% and 20% biochar—were tested over 30 days under controlled conditions, with potting mix as the con-
trol. The pH, electrical conductivity and cation exchange capacity of growth mixes were analyzed before and after, 
along with key growth metrics such as root length, shoot length, leaf number, fresh and dry plant weight and leaf 
area index (LAI) were analysed. Results indicated that incorporating 10 to 20% biochar into potting mix optimally 
enhanced basil growth, with significant improvements in root development and the LAI of the plant. Biochar soaked 
in nutrient solution demonstrated three times higher plant weight compared to unsoaked biochar, indicating 
the potential of biochar as a slow-release nutrient matrix. Despite the high exchangeable potassium and sodium of 
biochar, calcium and magnesium remained dominant in the potting mix, indicating the need for optimising biochar 
use as a horticultural growth media according to the plant type chosen. Replacement of 10 to 20% of potting mix 
by biochar supports the circular economy goals by enhancing plant growth and sequestering carbon.

Abstract Highlights 

•	 Continuous IoT enhanced monitoring within  a  smart cabinet enabled successful horticultural growth trials 
within 30 days.

•	 Biochar treated with nutrient solution increased plant weight by three times compared to untreated biochar.
•	 Replacement of  10–20% of  potting mix with  biochar increased the  potassium content by  three 

times and increased root length of basil.
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Graphical Abstract

1  Introduction
Sustainable horticulture is increasingly needed to address 
the challenges posed to food security by  the increase 
in food and plant demand due to population increase, 
resource limitations and climate change (Kaushal et  al. 
2024). Traditional farming methods are often hindered 
by soil degradation, nutrient depletion, and inefficiency 
in water usage. In this context, soilless growth media, 
particularly those incorporating biochar, offer a promis-
ing solution for enhancing crop productivity while mini-
mizing environmental impact (Chopra et al. 2024; Kumar 
and Verma 2024). These systems not only reduce reliance 
on natural soil but also allow for improved control over 
nutrient and water supply, making them essential for 
future farming systems (Kaushal et al. 2024; Sharma et al. 
2024).

The use of soilless growth media is gaining attention, 
particularly when traditional soil is substituted by alter-
native materials such as horticultural sand, coconut coir, 
potting mix, biochar, perlite, or mixtures of these compo-
nents (Khomami et al. 2024; Rathnayake et al. 2021). For 
example, sand is often employed as a growing medium 
for plants requiring well-drained environments, as exces-
sive water produces runoff rather than being retained, 
unlike in clay-based soils (Hussain et al. 2014). Coconut 
coir, marketed under various names such as ultra peat 
and cocopeat, offers excellent water retention combined 
with good air permeability, making it a popular organic 
medium (Khomami et al. 2024). Derived from shredded 

coconut husks, it not only protects seeds but also pro-
motes rooting and germination by providing a fungus-
free, hormone-rich environment (Ajien et  al. 2023). 
Unlike peat moss, which faces depletion due to overuse, 
coconut coir is a renewable resource. Perlite is deemed 
beneficial for its water and air holding capacity due to its 
high porosity; however negligible effect on nutrient com-
position of growth media and plant nutrient uptake has 
been reported (Kingston et  al. 2020). Perlite maintains 
the density of the substrate even over time as compac-
tion of other media such as peat and potting mix occurs 
(Burdina and Priss 2016). Therefore, addition of perlite is 
reported to enhance the root growth for basil. Papadimi-
triou et al. (2024) evaluated the influence of coconut coir 
and perlite for golden thistle growth and reported that 
the container height also partly determines plant growth. 
Water availability, root length, porosity and density are 
directly related to container height and thus should be 
considered. In addition, Younis et al. (2022) have identi-
fied that larger pore size of the growth matrix including 
soilless growth media such as sand, coconut coir and per-
lite facilitates enhanced aeration and water availability, 
but optimisation for each crop type is necessary.

Recent advances in agricultural technologies, includ-
ing the integration of Internet of Things (IoT), have pro-
vided new tools for optimizing growing conditions by 
enabling continuous monitoring of plant health and envi-
ronmental parameters (Ali et  al. 2024). Protected crop-
ping systems (e.g. controlled greenhouse environments) 



Page 3 of 17Adhikari et al. Biochar            (2025) 7:89 	

equipped with such technologies allow for more accu-
rate and efficient management of soilless media systems, 
offering further potential for enhancing sustainable 
farming practices (Rozenstein et al. 2024). A low carbon 
footprint sustainable agricultural greenhouse has been 
designed integrating internet of things, sensor networks, 
minimal use of water resource, and reduction of costs 
during crop optimisation and harvest (Marouani et  al. 
2024). Growing conditions such as lighting, humidity, soil 
moisture, water flow rate were optimised in this hydro-
ponic greenhouse.

Several studies have demonstrated the benefits of 
biochar in improving plant growth (Chopra et  al. 2024; 
Rathnayake et  al. 2021), particularly through its ability 
to retain nutrients (Adhikari et  al. 2024), water holding 
capacity (Adhikari et  al. 2023a; Banitalebi et  al. 2021; 
Méndez et al. 2015), and improved airspace in the growth 
media (Graber et al. 2010; Tian et al. 2012). Biochar is a 
porous carbon structure and contains > 60% stable car-
bon that is stable in soil for more than 100 years (Adhi-
kari et  al. 2023b). Biochar adds carbon to soil and acts 
as a slow-release fertiliser (Adhikari et  al. 2019, 2024) 
enhancing nutrient availability to the plants. Short term 
(up to 3  weeks) benefits of biochar application include 
the release of dissolved organic carbon and nutrients 
as well as an increase in electrical conductivity and pH 
of the biochar soil mixture (Joseph et al. 2021). Biochar 
increases the soil calcium and reduces Na absorption in 
loamy soil (Abrol et al. 2016). Similar effect of increase in 
Ca and reducing Na absorption has been reported when 
biochar was used in a soilless growth media (Coppa et al. 
2024; Mehdizadeh et  al. 2019). Early seedling develop-
ment may be hindered by high concentration of biochar; 
so careful optimisation is required. Along with biochar 
concentration, biochar feedstock, production conditions 
and supporting growth media also impact early devel-
opment of plants (Joseph et  al. 2021). Dissolution of 
compounds from biochar, free radical movement initiat-
ing development of reactive oxygen species, and release 
of salt from biochar to growth media can influence the 
chemistry of the growth media, influencing root devel-
opment in high biochar concentrations (Yu et  al. 2019). 
Biochar enhances photosynthesis, identified by increased 
photosynthetic pigments in sweet basil (Jabborova et al. 
2021) and arrowhead (Zulfiqar et al. 2022, 2019) soilless 
growth media. Wheat straw biochar increased the num-
ber of spikes and number of seeds per spike in wheat 
cultivation (Kunnen et  al. 2024). Biochar amended peat 
media increased the lettuce germination by more than 
100% due to increased air space and water retention 
(Méndez et al. 2015). Biochar from soft wood at 550  °C 
has been reported to enhance germination with higher 
root length and shoot height of common garden cress, 

lettuce and tomato reduced phytotoxicity (Rathnayake 
et  al. 2021). Similar improvement in plant growth has 
been observed in other crops such as basil, where appli-
cation of 3% wt. biochar derived from black cherry wood 
in sandy soil significantly improved basil plant height, 
leaf growth, and root development (Jabborova et  al. 
2021). Additionally, biochar enhances microbial activ-
ity, promoting the growth of rhizobacteria and fungi, 
and contributing to overall plant health through slow 
release of nutrients for longer term nutrient availability 
(Graber et al. 2010). Biochar is also reported to enhance 
the growth of the ornamental plant Calathea rotundifola 
cv. Fasciata. by 22% compared to control peat substrate 
(Tian et al. 2012) as well as reducing the rate of decom-
position of the peat based growth media. In addition, 
Banitalebi et al. (2024) reported that biochar from wheat 
straw at pyrolysis temperature of 500 °C has a significant 
potential to substitute traditional growth media such as 
coco-peat and perlite for plant growth. Additionally, in 
another study Banitalebi et  al. (2021) reported that bio-
char derived from date palm at 300  °C and wheat straw 
at 500  °C can be a suitable replacement for coco-peat-
perlite growth media due to its porous nature, enhanced 
aeration and water retention.

Despite these promising outcomes, research on biochar 
use in soilless systems has produced inconsistent results, 
with some studies reporting little benefit or even nega-
tive effects on plant growth. Biochar with low density and 
high porosity is reported to promote biomass growth for 
basil, whereas an increase in electrical conductivity of 
biochar decreased growth of basil (Nobile et  al. 2020). 
Vaughn et  al. (2013) found that while biochar derived 
from straw and wood increased plant height of marigold 
and tomato plants, no effect on dry weight of the tomato 
was observed. This study identified the influence of appli-
cation rate of biochar in plant growth and reported that 
5% biochar application did not show significant changes, 
whereas the optimum rate of application was 10 to 15% 
as shown by this greenhouse experimental setting. Simi-
larly, (Steiner and Harttung 2014) observed no significant 
growth differences in sunflower plants grown in biochar 
and peat mixtures (25%, 50% and 75%) wt%, suggest-
ing that high salinity or pH from biochar could cause 
osmotic stress. This study opened new insights into deal-
ing with highly saline biochar by washing prior to use and 
environmental and economic benefits of using biochar 
as a growth medium in different mixes. Other research 
has highlighted issues such as increased bulk density 
and reduced plant growth when high ratios of biochar 
were used in the substrate (Belda et al. 2016; Huang et al. 
2019). Belda et  al. (2016) explored the use of biochar 
made from olive mill and forest waste in sandy soil and 
coconut coir for myrtle and mastic plant growth, finding 
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that the forest waste biochar mixes improved plant dry 
weight and survival rates, but highlighted the need for 
optimizing feedstock types and application conditions. 
Similarly, Huang et al. (2019) assessed the replacement of 
60–90% of peat-based commercial substrate with hard-
wood biochar and chicken manure or vermicompost 
for basil and tomato growth, reporting reduced plant 
growth compared to the commercial substrate; how-
ever, the mixes maintained similar porosity but showed 
increased bulk density and air space with over 70% bio-
char. The study recommended a mix of 5% composted 
chicken manure, 70% hardwood biochar, and 25% peat, 
but emphasized the need for further research alterna-
tive mixtures to avoid growth impacts of high pH and salt 
levels.

The discrepancies in previous research highlight the 
importance of standardizing biochar applications across 
different growing media. Understanding the specific 
interactions between biochar, nutrient availability, and 
plant growth is crucial for developing biochars that can 
effectively replace less sustainable materials in soilless 
agriculture. Moreover, integrating real-time data through 
IoT-based monitoring systems can help track plant 
growth, moisture, and nutrient levels more accurately, 
contributing to data-driven decision-making for sustain-
able farming.

Despite the advances in optimising general physico-
chemical properties of the soilless media like coconut 
coir and sand, significant knowledge gaps remain regard-
ing the interactions of biochar with fertilizers in soilless 
systems, particularly with respect to nutrient exchange 
(Ivanova et  al. 2023). The formation of aggregates on 
biochar surfaces, and biological and biochemical inter-
actions, are critical factors influencing plant growth, yet 
these processes are poorly understood in the context 
of soilless media (Jabborova et  al. 2021). Moreover, the 
influence of different media composition on plant mor-
phology and growth response has yet to be fully identi-
fied. Despite the potential of biochar, its effects in soilless 
systems (especially for basil) are not fully understood, 
which hinders the development of optimized growth 
media. In addition, continuous monitoring incorporat-
ing IoT enhances the understanding of potential biochar 
applications in different soilless systems.

This study leverages IoT-based continuous monitoring 
systems in controlled greenhouse conditions to exam-
ine the interactions between biochar and other growth 
media on basil growth. Basil (Ocimum basilicum) is a 
widely cultivated herb with significant culinary and eco-
nomic value. Despite its popularity, optimizing its growth 
in soilless media with continuous monitoring of plant 
growth remains a challenge, particularly with respect to 
nutrient management and media composition. Therefore, 

the hypothesis of this study is that initial physico-chemi-
cal properties of the growing medium, including biochar 
content, significantly affect basil growth and morphol-
ogy, and that identifying the optimal nutrient condi-
tions based on exchangeable cations can further enhance 
growth outcomes. Understanding the application of bio-
char content and continuously adjusting nutrient con-
ditions will result in optimized plant morphology and 
nutrient uptake.

This research was designed to meet these knowledge 
gaps, by addressing three specific objectives. They are 
(1) to evaluate the influence of initial physico-chemical 
properties of growing medium for basil over 30 days in 
a controlled environment, (2) to analyse how basil root 
length and leaf area respond to various components of 
growth media including biochar, and (3) to identify opti-
mum nutrient and exchangeable cation conditions in 
growth media suitable for basil.

2 � Methods
2.1 � Material sourcing
Biochar provided by a local manufacturer (Green Man 
Char, Melbourne, Australia) was produced in a con-
tinuous pyrolysis plant at temperatures of 500 to 550 °C. 
Mixed feedstock such as hardwood, softwood, tree resi-
due and garden waste was used to prepare the biochar. 
Propagation sand, coconut coir and perlite were used to 
prepare the blends for the experiment with biochar. The 
pH of the biochar was reported to be 9.98 ± 0.01 and EC 
of the biochar was reported to be 559.6 ± 3.0  µS  cm−1 
(Adhikari et al. 2022).

Coir, perlite and propagation sand was obtained com-
mercially. The coir used was the Coir Garden Soil Mulch 
Block (Brunnings Australia, Product ID: 30502), the 
perlite used was the propagation perlite (Brunnings 
Australia, Product ID: 3010203) and the sand used was 
propagation sand (Brunnings Australia, Product ID: 
31424).

2.2 � Growth media blends
Propagation sand, coconut coir, biochar and perlite were 
mixed at different ratios to evaluate the efficiency of these 
mixes in water retention and plant growth compared 
to the commercial potting mix. The mixture of growth 
media was filled in 1  L plastic pots, and the basil seed-
ling were planted in a controlled environment, hereafter 
called as smart growth cabinets. Sand was mixed at 60% 
v/v with 30% v/v of coconut coir altering with 10 and 20% 
v/v of biochar. The mix of 30% coconut coir was based 
on research by Nazari et al. (2011) who found this ratio 
could enhance water efficiency. Along with that control 
experiment for potting mix was also done with 100% 
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potting mix. Details of the mix are provided in the table 
(Table 1).

2.3 � Smart growth system and experiment
The smart growth cabinet refers to a controlled chamber 
where continuous monitoring of the plants grown within 
can be achieved with IoT integrated systems. Parameters 
that can be monitored include light intensity and spec-
trum, temperature, humidity, barometric pressure as well 
as RGB images that are taken on a one-hour schedule. 
To maintain experimental consistency, the basil plants 
used in this experiment were propagated by rooting stem 
segments from a single plant under controlled environ-
mental conditions, facilitating the propagation of 18 
genetically identical specimens. The experimental matrix 
in 3 replicates was placed in two trays and kept under 
controlled greenhouse conditions. The system main-
tained a temperature of approximately 24 °C and used the 
Mars Hydro SP3000 light, providing an 18-h light cycle 
set to an intensity of 280 PAR. This was followed by a 
4-h period of darkness where temperatures would drop 
to approximately 20  °C. The irrigation system utilised 
a flood and drain system working on a bi-daily water-
ing schedule. A standard hydroponics solution was pre-
pared for the irrigations (Hoagland solution) with macro 
and micronutrients required for plant growth. The same 
Hoagland solution was also used to pre-charge selected 
growth media. The detailed constituents of Hoagland’s 
solution are provided in Appendix  1(A1). The trials 
were conducted in triplicate for each condition. After 30 
days, the basil was harvested, dried at 60 °C for 48 h and 
analysed and weighed for the above-ground and below-
ground biomass (i.e. leaves, roots).

2.4 � Physico‑chemical analysis of the growth media
2.4.1 � pH and EC of the growth media
The electrical conductivity (EC) and pH of the growth 
media were analysed using 1:5 growth media with some 
modifications from the method by FAO  (2021a, b). The 

pH and EC of the mixes PM, PMB10%, PMB20% were 
analysed at 1:5 growth media to water ratio, and for the 
mixture with sand (SCB10%, SCP10% and SCB10% H) 
1:2.5 ratio was used. pH and EC were measured using 
electrometric method after shaking the mixture for 1  h 
continuously in a magnetic stirrer and left for 1  h to 
decant before analysis (Singh et al. 2017). pH and EC of 
individual components of the growth media (sand, coco-
nut-coir, biochar, perlite, and potting mix) were also eval-
uated using this method. The pH and EC were analysed 
during the start of the experiment, after 14  days and at 
the end of the experiment (30 days).

2.4.2 � Cation exchange capacity (CEC) of the growth media
The CEC of the growth media was reported as the sum 
of the base cations displaced by 1 M ammonium acetate 
NH4OAc using the modified method by Adhikari et  al. 
(2024). The required apparatus was acid cleaned using 
10% nitric acid (HNO3), rinsed thoroughly with deion-
ised water, and dried at 105 °C overnight. Approximately 
~ 1 ± 0.05 g of the oven dried growth media at 105 °C for 
18  h was placed in a 100  ml falcon tube with 20  ml of 
deionised water. The pH of the sample was adjusted to 7 
if it was alkaline by adding 0.05M HCL and the EC was 
brought to < 200 µS cm−1 by washing (shaking, centrifug-
ing, and decanting) it until the EC reached the required 
number. Finally, the sample was mixed with NH4OAc in 
an orbital shaker for 18 h and filtered using 0.45 µm fil-
ter paper to obtain the filtrate for analysis of cations Ca2+, 
Mg2+, and K+ using Inductively Coupled Plasma Optical 
Emission Spectroscopy ICP-OES (Agilent 5900 SVDV 
smart ICP system).

2.5 � Biomass analysis of basil harvest
After 30 days, plant height, leaf length, leaf number, root 
length, fresh and dry root weight and fresh and dry shoot 
weight were measured after harvest.

Table 1  Growth media blends prepared for the experiments at different percentages by volume

The terms “s” and “un” refer to biochar soaked and unsoaked with the Hoagland’s solution

Material (% v/v) Sample name

SCBun SCBs SCP PMB10% PMB20% PM

Sand (S) 60 60 60 – – –

Coconut-Coir (C) 30 30 30 – – –

Biochar (B) 10 10 – 10 20 –

Perlite (P) – – 10 – – –

Potting mix (Pm) – – – 90 80 100

Hoagland’s solution (h) – yes – – – –
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2.5.1 � Continuous monitoring of Leaf Area Index
Continuous monitoring of plant growth was enabled by 
a high-definition RGB camera positioned approximately 
2 m above the plant canopy in the cabinet’s centre, cap-
turing an image every hour. The final images were pre-
filtered to remove any photos captured while the lights 
were off. The remaining images were then processed 
using an AI system designed to create masks with limited 
training datasets. The Leaf Area Index (LAI) was calcu-
lated in pixels from these images.

To reduce noise between images, a Locally Weighted 
Scatterplot Smoothing (LOWESS) filter was applied to 
each of the plant LAIs over time, with a fraction param-
eter of 0.1 used. The resulting average of the triplicates 
for each condition was also plotted over time and used to 
calculate the growth rate, which has been expressed as a 
function of growth over time using the following formula:

The average of the triplicate plants was also used to 
determine the daily growth rate expressed as a percent-
age comparing total change over days:

Total Change(%) =
Final LAI − Initial LAI

Initial LAI
× 100

Average Daily Growth Rate(%) =
Total Change(%)

Number of Days

3 � Results and discussion
Table  2 presents a snapshot of the key growth parame-
ters and media characteristics observed in this study. The 
data show variations in plant growth metrics, LAI meas-
urements, and exchangeable cation concentrations across 
the different growth media formulations. 

3.1 � Influence of physicochemical properties of growth 
media

The physicochemical properties such as pH and EC of all 
growth mixes were calculated before planting and after 
harvest. The changes in the pH and EC and how they 
relate to growth are discussed in the section below.

3.1.1 � pH and EC
It was observed that lower pH up to 7.5 and high EC up 
to 1200  µS  cm−1 facilitate the effective growth of basil. 
The potting mix as a control showed ideal conditions for 
growth of basil with a daily growth rate of around 13%. 
Addition of 20% biochar to potting mix increased pH of 
the growth media, compared to 10% biochar substitu-
tion. However, the replacement of potting mix by 20% 
biochar showed similar growth rate of 11% and addition 
of 10% biochar showed a growth rate up to 7% within 
30 days (Fig. 1), which can be considered as the moder-
ate use of biochar. The growth rate of basil with 20% of 
biochar added in the potting mix was similar to that in 
the potting mix, indicating that the potting mix could be 
replaced by around 20% biochar without impacting plant 
growth. Sand, coir and biochar have a higher pH com-
pared to potting mix, ultimately increasing the pH of the 

Table 2  Summary of key growth parameters and physicochemical properties of growth media

Growth parameter PM (control) PMB10% PMB20% SCB10%un SCB10%s SCP

Plant growth metrics

 Root length (mm) 253 ± 25 265 ± 62 305 ± 21 194 ± 82 268 ± 44 296 ± 80

 Shoot height (mm) 131 ± 5.1 92 ± 8.6 92.6 ± 4.5 55.3 ± 5.7 85 ± 10.1 64 ± 10

 Number of leaves 47 ± 11 37 ± 4.5 38 ± 2.5 14 ± 6.4 21 ± 2.6 18 ± 5.5

 Root fresh weight (g) 3.1 ± 0.3 3.3 ± 0.1 3.4 ± 0.9 0.9 ± 0.8 2.7 ± 0.6 2.02 ± 0.6

 Shoot fresh weight (g) 6.3 ± 0.8 4.3 ± 0.6 4.8 ± 0.6 1.1 ± 0.5 2.7 ± 0.3 1.8 ± 1.05

Leaf Area Index (LAI)

 Total LAI change (%) 366.89 174.69 300.13  − 49.62  − 26.92  − 30.96

 Daily growth rate (%) 13.59 6.47 11.12  − 1.84  − 1.00  − 1.15

Physicochemical properties

 pH 7.2 ± 0.1 7.0 ± 0.03 7.6 ± 0.1 7.9 ± 0.1 8.1 ± 0.05 7.6 ± 0.1

 EC (µS cm−1) 1195 ± 222.9 892 ± 75.8 866 ± 101.7 101 ± 2.9 277 ± 89.4 114 ± 20.1

Exchangeable cations (mmol kg−1)

 K⁺ 15.6 ± 1.3 33.1 ± 3 34.6 ± 5.2 14.2 ± 3.6 9.7 ± 4.9 6.1 ± 0.7

 Mg2⁺ 69.7 ± 0.5 78.3 ± 8.4 71.9 ± 11.9 5.2 ± 1.2 6.5 ± 3.6 2.7 ± 0.2

 Ca2⁺ 296.7 ± 44 257.1 ± 34 284.8 ± 23 31.3 ± 1.2 22.7 ± 12.5 4.9 ± 0.4

 Na⁺ 5.8 ± 0.2 17.6 ± 2.4 17.1 ± 3.1 15.2 ± 4.1 9.6 ± 4.8 6.2 ± 0.7
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mix (Steiner and Harttung 2014). The biochar used in this 
analysis had a mesoporous structure with BET surface 
area of approximately 150 m2 g−1 and pores in the range 
of 4 to 256  nm diameter (Adhikari et  al. 2023a). Of the 
volumetric water uptake of 50%, more than 90% of water 
uptake was the intraparticle water, and around 5% was 
interparticle water. This implies that the plant available 
water mostly depends on structure, bulk density, spheric-
ity or angularity of the biochar, compared to the inherent 
structure of the biochar. Optimized air space from 10% 
to 30%, total porosity 50% to 85%, water holding capac-
ity 45–65%, and bulk density 0.4 g cm−3 were reported by 
Zulfiqar et al. (2019). Additionally, the nutrient retention 
and availability primarily depends on the feedstock of the 
biochar (Adhikari et al. 2024).

Biochar from olive mill waste in the study was found to 
be extremely saline in a 50% mix with coconut coir. This 
high percentage of mix was reported to have affected the 
growth of mastic and myrtle plants, and similar effects 
could be expected in the basil plants. Similar results were 
observed where application of 10% to 20% of biochar 
changed the pH of the system by ± 0.2 and a higher pH 
value of up to 8.1 in the growth mix with sand, coir and 
biochar soaked in Hoagland’s (nutrient) solution (Fig. 1). 
However, these mixes are less saline compared to the 
potting mix as the EC is 6 times less than PM.

The biochar used in this study was made from mixed 
grass and woody feedstock. The biochar itself was alka-
line in nature, pH 9.9. Therefore, it justifies that in the 
mix, when 20% of biochar was added, the pH of the pot-
ting mix-biochar mixture was increased. Other similar 
study by Nobile et  al. (2020) has provided recommen-
dations about the physico-chemical properties of the 

growth mix, where biochar with pH values between 
5.3 and 6.5, EC ≤ 500 µS  cm−1 and low density and high 
porosity is recommended, indicating that the physico-
chemical properties of biochar has a significant effect on 
growth of basil. Biochar with high pH, ash and miner-
als content if applied in a higher rate may cause osmotic 
stress in plants, thus negatively impacting growth. There-
fore, according to the plant type, the application rate of 
biochar should be optimised.

3.1.2 � CEC of growth mixes
Potting mix showed a higher amounts of exchangeable 
calcium and magnesium, while the amounts of exchange-
able potassium and sodium is similar in PM associated 
mixes as well as sand coir biochar mixes (Fig.  2). The 
number of exchangeable cations in the mix was evaluated 
before and after harvest to understand the influence of 
nutrients in the growth mix for the growth of basil.

When potting mix was replaced by 10% of biochar, the 
amount of exchangeable calcium increased, while the 
other nutrients such as K, Mg, and Na decreased in the 
mixes after a month, indicating that PM can break down 
and provide a source of calcium, while other nutrients 
are absorbed by the plant. Replacement with 20% bio-
char showed a similar trend as replacement with 10% 
biochar before and after harvest. However, the amount 
of exchangeable K, and Na was greater compared to only 
potting mix, indicating replacement of 10% to 20% of pot-
ting mix by biochar can increase the nutrient pool and its 
availability for plants in the growth media. Both replace-
ment of potting mix by 10% and 20% biochar increased 
the amount of exchangeable potassium by more than 
double.

Fig. 1  The influence of pH and EC (µS cm−1) of the growth mixes on daily growth rate (%) of basil
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The mixes without potting mix, i.e. SCB10%s, 
SCB10%un and SCP showed significantly lower number 
of exchangeable cations compared to the ones with pot-
ting mix. The dominant nutrients in the PM are calcium 
and magnesium. Therefore, the SCB and SCP mixes were 
deficient in calcium and magnesium. However, they had 
comparable sodium and potassium. In the SCB10%s, 
which was soaked in the Hoagland’s solution, the amount 
of exchangeable potassium and sodium increased after 
1  month, indicating the nutrient pool for Na and K did 
not decline and the growth media acted as the slow-
release source for these nutrients.

Based on the results, the growth media without PM can 
also be optimised for increased calcium and magnesium 
if the biochar is prepared from mixed wood and grass 
(straw) feedstock. A previous study from our research 
group (Adhikari et al. 2024) indicated that biochar feed-
stock can be optimised for enhanced nutrient availability. 
Current research by Bhengu et  al. (2024) has optimised 
the nitrogen content for the growth of baby spinach, a 
popular salad ingredient in a commercial soilless growth 
media, indicating potential opportunities for optimised 
biochar as a growth media in horticultural applications.

3.2 � Influence of growth media composition on plant 
morphology

The plant morphology was evaluated using 2 differ-
ent approaches. The first approach was to assess the 
fresh root length and shoot height, number of leaves in 
the plant, and fresh and dry weight of the plants after 
30 days. The second approach was to evaluate Leaf Area 
Index (LAI) by continuously monitoring the plants in the 
smart cabinets.

3.2.1 � Analysis of plant growth
Firstly, the results showed that application of biochar in 
potting mix increased root length from 253 ± 25  mm in 
control to 265 ± 62  mm in PMB10% and 305 ± 21  mm 
in PMB20%. However, the shoot height was decreased 
by addition of biochar from 131 ± 5  mm in control to 
92 ± 8.6  mm in PMB10% and 92.6 ± 4.5  mm in PMB20% 
(Fig.  4a). Similar root length was observed using the 
growth mix SCP, where 10% of perlite was mixed with 
60% sand and 30% coconut coir. These growth media 
have been equally effective in root development com-
pared to control. Perlite is porous and light in nature, 
and thus addition of perlite in the growth media is likely 
to increase the air and water availability in the roots. 
However, the finding that shoot development was not as 
effective as with other media indicates the lower cation 
exchange capacity of the growth media. Similar results 
were reported by Burdina and Priss (2016), indicating 
that the  addition of up to 40% perlite with peat based 
substrate enhances biomass development as well as the 
ascorbic acid, and essential oils in the basil plant. Sub-
strates like peat become compact with time, reducing 
the air and water availability; however, the addition of 
perlite helps to maintain the availability of air and water 
needed for further development. In addition, the growth 
mix, SCB10%s, which is a mixture of nutrient enriched 
biochar with sand and coconut coir showed a higher 
shoot height of basil compared to the addition of perlite 
or unsoaked biochar. This indicates that pre-treatment 
of biochar in the nutrient solution, or in other words, 
charging them with nutrients that the biochar can hold 

Fig. 2  Amount of exchangeable calcium (Ca), potassium (K), 
magnesium (Mg), sodium (Na) and total cation exchange 
capacity (CEC) in different growth mixes before planting basil 
and after harvesting it. Letters b and a at the end of mix indicate 
before planting and after harvest in all the growth mixes. 
For the potting mix, the number of all exchangeable cations 
increased after 1 month, indicating the high availability of nutrients. 
This might have been observed due to the breakdown of organic 
matter or fertilizers in the potting mix, releasing more nutrients 
into the exchangeable pool which would potentially be available 
to plants when required. As the study was limited to 1 month, there 
is a high chance that the basil plant did not have high nutrient 
requirement during the first month to grow
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on to and may release later is beneficial for development 
of both root and shoot in basil plants when continuously 
monitored for 30 days. Similar results are shown by the 
research of Noroozi et al. (2023), where biochar amend-
ment in soil enhanced the morphological properties such 
as seed yield and harvest index. Another study by Rath-
nayake et al. (2021) identified that root length of common 
garden cress, lettuce and tomato increased from 70% to 
150% in the soilless growth media with 50% biochar and 
50% peat substrate, attributing to the physico-chemical 
properties and porosity of the growth media. Despite 
addressing the nutritional inadequacies by enhanced root 
growth (Kaushal et al. 2024), we were not able to observe 
adequate shoot growth in basil (Fig. 3). Detailed photos 
of plants with replicates are provided in Appendix 1(A2). 
This might be due to the 30-day experimental period used 
in this study. SCP10% showed the longest roots which 
may be due to higher aeration resulting from increase in 
macropores (Kaushal et al. 2024) and overall porosity in 
the growth matrix; however, it also shows least number 
of leaves. Therefore, our results indicate that the surface 
morphology, porosity and physico-chemistry influence 
the air space and water retention in the growth mixes, 
thus influencing the growth of basil.

Secondly, regarding the growth of the leaves in the 
basil plant, ideal conditions were provided by potting 
mix, which was the control in this scenario. However, 
other growth mixes also provided considerable ben-
efits (Fig.  4b). Among the other five growth mixes 
the maximum number of leaves were observed in 
PMB20%>PMB10%>SCB10%s>SCP> and SCB10%un. 
For basil plants, the developmental concern is the num-
ber of leaves they produce. After application of 10% and 
20% biochar to the potting mix, the number of leaves 
was similar, 37±5 and 38±3, respectively. Therefore, as 
the similar development was observed in both growth 
mixes with 10% and 20% replacement of PM with bio-
char, the lower application rate is likely to be optimum 
to replace the PM. Similar results were observed by 
Nocentini et  al. (2024), indicating moderate replace-
ment of 10–20% peat based substrate by wood residue 
derived biochar pyrolyzed at 700 °C has positive impli-
cations to plant morphological growth. Additionally, 
biochar soaked in Hoagland’s solution showed higher 
number of leaves, 21 ± 3 leaves, compared to the mixes 
with sand coir and perlite, which ranged from 14 to 18 
leaves, indicating the nutrient charged biochar is likely 
to retain and deliver nutrients required for develop-
ment of basil. The growth mixes with sand, coconut 

Fig. 3  Comparison between root and shoot growth of plants in different growth media. PM = potting mix, PMB10% = Potting mix and 10% biochar, 
SCB10% = Sand, coir and biochar 10% soaked in nutrient solution and SCP10% = Sand, coir and perlite 10%
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coir and biochar showed lowest number of leaves and 
least dry weight of leaves, indicating the effect of salin-
ity of the growth media (Di Lonardo et al. 2017). These 
growth media with combination of sand, coir and bio-
char showed a higher electrical conductivity compared 
to the mixes with the potting mix and biochar.

Thirdly, similar results were observed for fresh and 
dry weight of roots and shoots, where PM contributed 
to best growth, followed by biochar mixed with the pot-
ting mix. However, the fresh weight (3.1±0.3 g) and dry 
weight (0.45±0.03 g) of roots of the plant grown in pot-
ting mix was equivalent to the fresh (3.3±0.1 g) and dry 

weight 0.45 ± 0.04  g of roots of the  plant grown in the 
potting mix and biochar mixture (Fig. 4c, d). The weight 
of roots and shoots of the plants grown in the growth mix 
without potting mix in SCB10%s was similar (2.7±0.6 g), 
indicating the mixture of sand, coir and charged biochar 
had positive influence on root and shoot development of 
basil, similar to the potting mix.

The results revealed that the fresh weight of plants 
grown in the SCB10%s (2.6±2.7g) was three time higher 
compared to the plants grown in the mix SCB10%us, 
which is 0.9±0.8g. The SCB10%s was soaked in the nutri-
ent solution and the SCB10%us was the biochar as it, (not 
treated with additional nutrient solution). Based on the 

Fig. 4  Changes in root length (a), number of leaves (b), fresh weight of the plant (c) and dry weight of root and shoot (d) of basil plants grown in 6 
different growth mixes
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fresh weight of plants, it is likely that biochar was able to 
hold nutrients on to it, and acts as a slow-release ferti-
lizer, facilitating enhanced fresh weight of basil.

3.2.2 � Leaf Area Index (LAI) monitoring
Table 3 presents the LAI measurements across all growth 
media treatments. The data show initial and final LAI 
values, total percentage change, and average daily growth 
rates for each treatment over the 30-day experimental 
period.

Table 3  Summary of Leaf Area Index (LAI) and growth rate of basil in different growth mixes

Growth parameter PM (control) PMB10% PMB20% SCB10%s SCB10%un SCP

Initial LAI (Pixel) 45,852.00 46,002.35 33,017.55 101,084.47 60,559.37 101,586.86

Final LAI (Pixel) 214,079.24 126,365.48 132,114.09 73,873.12 30,512.48 70,138.33

Total LAI change (%) 366.89 174.69 300.13  − 26.92  − 49.62  − 30.96

Daily growth rate (%) 13.59 6.47 11.12  − 1.00  − 1.84  − 1.15

Fig. 5  Leaf area index (LAI) of plants in different growth media ± standard deviation from triplicates. a Refers potting mix, b refers to 10 and 20% mix 
of biochar in potting mix, c refers to 10% mix of soaked and unsoaked biochar in Hoagland’s solution mixed with sanc and coconut coir and d refers 
to the mixture of sand coconut coir and perlite
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The LAI results indicated that the potting mix sub-
strates outperformed the sand substrates in terms of 
total leaf coverage. The LAI of plant grown in potting 
mix reached a maximum at 28 days (LAI of 214,079), 
with a daily growth rate of 13.6% and a daily LAI 
change of 366.9%. (Fig. 5a). This was closely followed by 
the PMB20% group with a total change of 300.1% and a 
daily growth rate of 11.1%. Finally, the PMB10% group 
only showed moderate growth, with a total change of 
174.7% and a daily change of 6.5%. Detailed results are 
provided in appendix (Appendix 2).

While all potting mix mediums (PM, PMB10%, 
PMB20%) showed a net positive increase in size, the sand 
substrates (SCB10%un, SCB10%s, SCP) experienced a 
reduction in leaf area. The sand substrates showed a 
decline, with the SCB10%un displaying the most signifi-
cant decline at a daily growth rate of − 1.8%, reducing 
the overall size by − 49.6 (Fig.  5b). The SCB10%s group 
saw an overall decline of − 26.9% in size, with a growth 
rate of − 1%. Results revealed different pattern in daily 
growth of plants in the mix with soaked and unsoaked 
biochar. There was a slight increase in growth for up 
to 5 days, and after that a sharp decline in growth was 
observed for 3 more days. After 8 days the growth was 
reduced and did not increase until 30 days in the plants 
grown in SCB10%un. However, in the mix with SCB10%s 
three points of decline was observed and the growth rate 
increased after each decline as well. The mix with 10% 
of biochar charged with nutrient solution showed up to 
three times higher growth compared to the biochar with-
out soaking in nutrient solution (Fig. 5c). The SCP group 
also displayed a negative growth rate of − 1.1%, reducing 
its side by − 30.9% (Fig. 5d), with a sharp decline in first 5 
days and a constant growth until 28 days.

The primary cause of this sharp decline in the size 
displayed in the sand samples can be attributed to the 
inability to maintain its initial leaves after transplanting. 
This, coupled with its inability to develop new growth, 
ultimately led to an overall decline in growth and a nega-
tive growth rate. These poor results documented in the 
sand mediums are hypothesised to be a result of the iden-
tical watering schedules used for both sand and potting 
mix mediums. More specifically, the sand appeared to 
retain too much water between waterings, leading to an 
oversaturation of the soil and poor plant growth. Addi-
tionally, the inclusion of small quantities of biochar in the 
sand substrates may have further increased water reten-
tion, exacerbating the the effect of sand.

3.2.3 � Exchangeable nutrients in the growth mix
The results above show that PM provides best condi-
tions for growth of basil. However, the mixes PMB10% 
and PMB20% as well as SCB10%s showed similar growth 

in relation to the potting mix. Therefore, based on the 
results from this research it can be stated that replace-
ment of 10% biochar as a more sustainable growth media 
and use of sand, and coconut coir with nutrient charged 
biochar can provide similar benefits to using potting 
mix. However, understanding mechanisms influenc-
ing this growth is necessary. Therefore, the influence of 
exchangeable cations in the growth mix on daily growth 
rate of basil was investigated (Fig. 6).

Potting mix is abundant in exchangeable calcium, 
and magnesium but has lower exchangeable potassium 
and sodium. For a leafy plant like basil, the high prior-
ity nutrient is potassium, followed by magnesium, cal-
cium and sodium. Potassium is crucial for leaf growth 
and water regulation in basil. Exchangeable potassium 
in SCB10%s was higher (9.57±4.8 mmol kg−1) compared 
to potting mix (5.8±0.2 mmol  kg−1). Similarly, when the 
potting mix was replaced by 10% and 20% of biochar the 
exchangeable potassium content increased by more than 
3 times.

Magnesium is also one of the crucial nutrients required 
for the growth of basil, which is important for photo-
synthesis and leaf development. The highest amount 
of exchangeable magnesium was available in PMB10% 
which was 78.3 ± 8.4 mmol  kg−1 and was in the range of 
60 to 70  mmol  kg−1 in PM and biochar mix. However, 
the mixes with sand and coconut coir showed lower 
exchangeable magnesium of 5 to 6.5 mmol kg−1 and per-
lite showed least exchangeable magnesium (2.6 mmol 
kg−1).

Similarly, the exchangeable calcium which influences 
the cell wall structure and strength of plants is the domi-
nant cation in PM as well as PM and biochar mixes in the 
range of 296 ± 44.2 mmol kg−1. However, in SCP10%, the 
exchangeable calcium was very low (4.8±0.3 mmol kg−1).

Differences in the nutrient status might have influ-
enced the growth of basil. This study was conducted 
for 30 days; therefore further growth was not docu-
mented. In addition, the number of exchangeable 
cations before and after harvest was evaluated and 
presented in the  above section (Fig.  2). Graber et  al. 
(2010) identified two mechanisms: (1) growth of micro-
bial population such as rhizobacteria and fungi, and 
(2) stimulation of plant growth due to slow release of 
nutrients, which  enhanced plant height and leaf size 
in tomato and pepper plant, but there were no dif-
ferences in leaf nutrient content, and flower or fruit 
yield after application of wood derived biochar. Simi-
lar findings have been observed, where SCB10%s acted 
as slow release of potassium. SCB10%s showed high-
est growth compared to SCB10%un and SCP10%. The 
root length of 268 ± 44 mm, shoot height of 85 ± 10 mm, 
21 ± 3 leaves greater than 1cm, and total fresh weight 
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of plant 5.45 ± 0.8 g were observed for SCB10%s. Simi-
lar results have been observed by Zabaleta et al. (2024), 
who evaluated the effectiveness of almond shell bio-
char prepared at 450°C for the growth of arugula in 
different percentages with perlite as a soilless growth 
media. They identified that replacing 10% of perlite by 
the almond shell biochar improved the growth, while 
increasing the biochar content inhibited the growth of 
arugula plant.

Based on the results the mixes PMB10% would provide 
ideal conditions for growing basil. If opting for soilless 
growth media without potting mix, the SCB10%s pro-
vided ideal conditions for growth of basil, but required 
some optimisation regarding nutrient and pH.

3.2.4 � Na and K saturation in the growth mixes
The saturation of base cations of the mix was analysed 
before and after the planting of basil. It was observed 
that PM had the lowest amount of exchangeable Na 
and K, which increased after the replacement of 10 and 
20% of biochar. This indicates that biochar is an effec-
tive source of Na and K for plant growth. Detailed results 

are provided in Fig.  1 of Appendix  2. Excessive Na in 
the growth media is likely to cause Na sensitivity in the 
plants (Kingston et  al. 2020). Therefore, an understand-
ing of Na and K in the growth media and its influence in 
plant biomass development is crucial.

Our results revealed that replacing 10% of potting mix 
by biochar was optimum for Na and K. K and Na satura-
tion increased by more than double after adding 10% and 
20% biochar in the potting mix (Fig. 1, Appendix 2). Sim-
ilar results were reported by Danish et  al. (2024), using 
cabbage waste biochar prepared at 360 °C, with sandy soil 
and potting mix for basil growth. They identified that 6% 
replacement of potting mix by biochar in the growth mix 
showed higher potassium retention, as well as enhanced 
leaf chlorophyll, and water content, compared to only 
potting mix. Biochar plays an important role in nutrient 
delivery in the growth mixes, and it provides opportuni-
ties to optimise the nutrient concentration in the mixes 
facilitating enhanced plant growth. Biochar used in this 
study was derived from mixed grass and woody bio-
mass, but the nutrient content in the biomass primarily 
depends on the feedstock (Adhikari et  al. 2024). It was 

Fig. 6  Daily growth rate and leaf area index (LAI) Vs exchangeable cations present in the growth mixes
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reported that in a peat, biochar growth media mixture up 
to 70% of peat could be replaced by a mixed hardwood 
biochar without any negative effects on plant biomass 
(Yu et al. 2019) based on phytotoxicity, growth index and 
soil pant analyses and development tests. However, bio-
char properties vary widely depending on the feedstock, 
which needs to be considered before optimisation of 
growth media using biochar.

The K/Na ratio for all the growth mixes was observed 
to be less than 5. Detailed data is provided in (Table  3, 
Appendix  2). The K/Na ratio provides idea about the 
movement of sodium in the growth media, and if it 
inhibits the movement of potassium. Higher the K/Na 
ratio, higher is the resistance to salinity (Mehdizadeh 
et  al. 2019). The K/Na ratio value of the growth media 
correlates with the growth of basil. Highest growth was 
observed in PM, followed by PMB10% and PMB20%, and 
lowest growth was observed in SCP10%, and thus similar 
results are observed in the K/Na ratio.

3.2.5 � Usage and availability of K by basil in the growth mix
The amount of exchangeable K in the mix before and 
after planting basil was identified. Results showed that 
basil plants grown in PMB10%, PMB20% and SCP10% 
used potassium from the growth mix for the plant 
growth. The K in the growth mix in these three mixes 
reduced after harvesting the plant, compared to the K 
content before planting. Detailed results are provided in 
Table 3, Appendix 2.

Approximately 25% of K was used by basil in PMB10%, 
indicating that Na in biochar did not interfere with 
movement of K and facilitated plant uptake and growth. 
Mehdizadeh et  al. (2019) reported that mulberry wood 
biochar helps to reduce the salinity stress in plants by 
reducing the absorption of Na. Similar results were found 
in our study where absorption of Na decreased from 
40% in PMB10% to 14% in PMB20%. Increase in biochar 
concentration in the growth mix decreased the sodium 
absorption by 26%.

Application of perlite showed significant usage of 
K (around 50%), likely hindering growth of basil. This 
indicates that the increased level of K absorption and 
decreased Na absorption were likely due to the change in 
growth media such as biochar or perlite. Therefore, the 
results provide insights into growth media type and con-
tent, and its relationships with salinity and plant growth, 
identifying opportunities for further investigation on 
interactions with other media components are recom-
mended for future research.

3.3 � Co‑benefits of biochar for carbon storage
In addition to benefits to soil nutrient profile, as well as 
plant root and shoot development, replacement of 10% 

potting mix by biochar as in the PMB10% is beneficial 
from environmental perspective as well. Our results are 
confirmed by a current study (Chrysargyris et al. 2024), 
which reported that peat-based substrate can be par-
tially replaced by 10% of wood derived biochar produced 
at 700  °C in pot growth of Antirrhinum majus plant for 
co-benefits to plant growth and circular economy. Car-
bon present in biochar is stable for more than 100 years, 
and the decomposition is only assumed to be around 10% 
every 3 years (Joseph et al. 2021). However, in the potting 
mix, made from different organic material such as litter, 
pine bark, or compost, it is estimated to decompose by 
90% every year, generating CO2, CH4 and other green-
house gases.

Potting mix derived from pine bark has around 52% 
carbon dry basis (Hunter et al. 2011). However, biochar is 
a carbon matrix which has more than 75% of carbon pre-
sent in it (Adhikari et  al. 2023b). Carbon sequestration 
(CO2eq per year) of the two was estimated using second-
ary data from literature (Appendix 3), which showed that 
the PMB10% sequestered more CO2 compared to PM 
alone. Use of 25 L of pine bark derived potting mix pro-
duces around 16 kg CO2eq per year assuming it decom-
poses by 90% within a year (Joseph et al. 2021). However, 
replacement of 10% of the potting mix (2.5 L) by biochar 
provides benefits to plants as well as sequestration of 2 kg 
CO2eq per year. The actual carbon sequestration poten-
tial of biochar depends on the feedstock used, carbon 
stability of biochar itself, and the production technology 
used. However, this conservative sequestration estimate 
indicates that replacement of pine bark with biochar in 
potting mix reduces GHG emissions, by providing a more 
durable growing medium that does not fully decompose 
each year releasing CO2.

Addition of biochar to growth media has additional 
co-benefits to nutrient and water availability by provid-
ing a stable carbon matrix that does not decompose like 
potting mix and coir. Substituting some organics part 
of a growth medium with biochar can thus avoid GHG 
emissions, store carbon and potentially be more cost-
effective. This can he successfully quantified if the same 
growth medium is used over the years in container plant 
production system in the nurseries at a large scale. These 
benefits can be harvested in a large scale with signifi-
cant technical, economical and societal readiness for this 
technology. However, some challenges such as the need 
of larger financial return for businesses, underexplored 
potential such as carbon credits from biochar use and 
lack of public awareness (Chopra et al. 2024) still hinder 
the use of biochar in different parts of the world.
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4 � Conclusion and recommendations
This study evaluated the effectiveness of sustainable 
growth media on basil growth compared to traditional 
potting mix, within a protected cropping environment 
that was enhanced by IoT monitoring. Our findings 
emphasize the importance of optimizing basil growth 
in soilless media containing biochar or coconut coir. 
However, research on nutrient management and media 
composition in these systems remains limited. Key 
results indicate that high electrical conductivity (EC) 
and low pH can hinder growth, with optimal conditions 
observed around pH 7.5 and EC up to 1200  µS  cm−1. 
Replacement of 10% potting mix with biochar increased 
root length and enhanced nutrient exchange, especially 
Na and K. Nutrient-enriched biochar provided three 
times the plant weight compared to non-soaked bio-
char, supporting its role as a nutrient-holding matrix 
for gradual release. Growth rates for 10% and 20% bio-
char showed similar trends, making 10% an efficient 
replacement rate. This research provides novel and 
timely insights into importance of continuous monitor-
ing with integration of IoT for real-time plant growth 
assessment, enhancing sustainable horticulture prac-
tices in line with sustainability and circular economy 
goals. For future research, it is recommended to further 
investigate long-term nutrient dynamics in biochar-
amended growth media, with different plant species 
and varying environmental conditions. Further studies 
are also recommended for biochar as a possible perlite 
replacement in growth media, with opportunities to 
provide aeration and drainage or moisture retention, 
while also sequestering carbon and providing nutri-
ent benefits. This could provide more comprehensive 
insights into the effectiveness of biochar as a growth 
medium.
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